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@ Design and processing method for manufacturing hollow airfoils (three-piece concept). 



A method is provided for making a three- 
piece hollow airfoil. Three metal sheets (1,2,3) 
are preformed into initial shapes and sealed 
together to form an in-process assembly. Inter- 
nal cavities (24) are formed in the assembly (29) 
prior to sealing. The assembly is subjected to 
high temperature and pressure to diffusion 
bond the sheets together at selected points. The 
cavities (24) are then subjected to internal 
pressure at high temperature in order to inflate 
and superplastically deform the assembly to the 
desired shape. Excess material may be 
machined off after inflation. A method for par- 
tially defining the in-process shape is also pro- 
vided. 
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Cross References to Related Applications 

This application is related to copending applica- 
tion entitled "Method for Manufacturing Hollow Airfoils 
(Four-Piece Concept)", Serial No. [RD-21,734] filed 5 
concurrently herewith and assigned to the same as- 
signee as the present invention. 

Background of the invention 



This invention relates generally to fabricating hol- 
low airfoils and more particularly concerns a method 
of producing lightweight, high-strength hollow airfoils 
using diffusion bonding and superplastic forming 
techniques. This method is particularly useful in mak- 
ing hollow titanium aircraft engine blades for integral- 
ly-bladed rotors. 

Superplastic forming is a technique that relies on 
the capability of certain materials, such as titanium al- 
loys, to develop unusually high tensile elongation with 
a minimal tendency towards necking when submitted 
to coordinated time-temperature -strain conditions 
within a limited range. Superplastic forming is useful 
in producing a wide variety of strong, lightweight ar- 
ticles. 

Many of the same materials used in superplastic 
forming are also susceptible to diffusion bonding. Dif- 
fusion bonding is a process which forms a metallurg- 
ical bond between similar parts which are pressed to- 
gether at elevated temperature and pressure for a 
specific length of time. Bonding is believed to occur 
by the movement of atoms across adjacent faces of 
the parts. Diffusion bonding provides substantial joint 
strength with little geometrical distortion and without 
significantly changing the physical or metallurgical 
properties of the bonded material. 

It has long been desirable to fabricate various air- 
craft components, such as door panels and wing 
flaps, as hollow bodies. The benefits of such include 
a substantial reduction in weight which provides im- 
proved fuel efficiency and increased thrust-to-weight 
ratio. Despite the increasing popularity in applying 
diffusion bonding and superplastic forming (DB/SPF) 
techniques to the manufacture of aircraft compo- 
nents, there are many critical problems to overcome 
in successfully forming a hollow airfoil. Parts formed 
using DB/SPF techniques have very complex geome- 
tries, exhibit highly non-linear material behavior, and 
are subject to large irreversible strains. Thus, there 
exists the possibility of many deformation-induced in- 
stabilities, such as necking, grooving, buckling and 
shear localization, which substantially weaken the 
structural integrity of the part. 

The stringent requirements for both the external 
aerodynamic shape and internal structure of hollow 
airfoils present another problem in the manufacture 
of such parts. In order to produce the desired final 
shape and thickness, the in-process shape (i.e., the 



shape and size of a part prior to superplastic defor- 
mation) must be known. The determination of the in- 
process shape has proven to be a difficult task. 

Summary of the Invention 

The invention is set forth in general terms in 
Claims 1 and 7. 

Accordingly, it is a feature of the present inven- 
10 tion to provide a method for manufacturing hollow air- 
foils which avoids the problem of deformation-in- 
duced instabilities. 

More specifically, it is a feature of the present in- 
vention to provide a method for manufacturing hollow 
15 airfoils from three metal sheets using a combination 
of diffusion bonding and superplastic forming techni- 
ques. 

In addition, it is a feature of the present invention 
to provide a procedure for defining the in-process 

20 shape of of the three metal sheets prior to superplas- 
tic deformation. 

These and other objects are accomplished in the 
present invention by first forming three metal sheets 
into their in-process shapes. Then, a plurality of cav- 

25 ities are machined into two of the sheets and stopoff 
is applied to each of the cavities. The three sheets are 
arranged with the unaltered or core sheet sandwich- 
ed between the two machined sheets so that the ma- 
chined surfaces face the core sheet. The sheets are 

30 then welded together around their peripheries. One 
of the outer sheets is convex; the other outer sheet 
is concave. The assembled sheets are maintained un- 
der adequate pressure- temperature-time duration 
conditions so as to diffusion bond the portions of the 

35 outer sheets lacking stopoff to the core sheet. Suffi- 
cient pressure-temperature-time duration conditions 
are then internally applied to the cavities to cause at 
least one of the outer sheets to superplastically de- 
form. After deformation, excess material is machined 

40 off. 

The dimensions of the finished airfoil are de- 
pendent on the shape and size of the assembled 
sheets prior to superplastic forming (i.e., the in-proc- 
ess shape). Consequently, determining the in-proc- 

45 ess shape is essential to making an airfoil of proper 
dimensions. A crucial element in defining the in-proc- 
ess shape in the present invention is knowing the ini- 
tial thickness of the convex sheet Since the shape 
and thickness of an airfoil are determined by the de- 

50 signer as prescribed by the conditions the airfoil will 
operate under, the design dimensions are known to 
the manufacturer of an airfoil. Therefore, the method 
of the present invention relies on known design val- 
ues in determining the initial thickness of the convex 

55 sheet Specifically, the in-process thickness is de- 
pendent on the final thickness and is determined 
mathematically from a number of known variables. 
Other objects and advantages of the present in- 
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vention will become apparent upon reading the fol- 
lowing detailed description and the appended claims 
and upon reference to the accompanying drawings. 

Description of the Drawings 

The subject matter which is regarded as the in- 
vention is particularly pointed out and distinctly 
claimed in the concluding portion of the specification. 
The invention, however, may be best understood by 
reference to the following description taken in con- 
junction with the accompanying drawing figures in 
which: 

Figures 1a-1j illustrate the method of a preferred 
embodiment of the present invention. 

Figures 2a and 2b illustrate a variation of the 
method of Figures 1a-1j. 

Figures 3a and 3b show a cross section of a hol- 
low airfoil made by the method of the present inven- 
tion before and after superplastic deformation, re- 
spectively. 

Detailed Description of the Invention 

Turning first to Figure 1a, the components used 
in making the hollow airfoil are shown. In accordance 
with the present invention, three machined sheets 
are provided. The sheets are preferably made of, for 
example, a titanium alloy comprised of about 6% alu- 
minum, 4% vanadium and the balance titanium, here- 
inafter referred to as Titanium-6Aluminum-4Vana- 
dium, but can be any material capable of superplastic 
forming and diffusion bonding. They comprise a core 
sheet 1 and two face sheets 2 and 3. The core sheet 
1 is approximately 0.030 to 0.070 inches thick. The 
face sheets 2,3 are considerably thicker than the core 
sheet, being up to 0.750 inches thick. Each face sheet 
is provided with an oversized root 4 which provides a 
means for attaching the finished blade to the hub of 
an aircraft engine. 

Initially, the three separate sheets must be 
formed into their in-process shapes before the super- 
plastic forming steps can be carried out. The in-proc- 
ess shape is the shape each respective part must 
take prior to superplastic forming to ensure that the 
desired final shape and thickness will be achieved af- 
ter deformation. Figure 1b shows the first step in 
which forming of t he face sheets 2,3 is started in a hot 
form press 10. A groove 12 is provided in the lower die 
of the hot form press 1 0 in order to accommodate the 
root 4 on each of the face sheets. Next, a superplastic 
forming procedure is used to finish forming the face 
sheets 2,3 into the in-process shape. As shown in Fig- 
ure 1c, a superplastic forming (SPF) tool 14 is used 
for this step. The SPF tool 14 includes a port 16. A 
gas, such as argon, is forced through the port 16 to 
provide the pressure for superplastically deforming 
the sheet The SPF tool 14 also has a groove 18 for 



receiving the root 4 of each face sheet. An alternative 
method of forming the face sheets 2,3 is to near-net- 
shape forge them into the desired in-process shape. 
Near-net-shape forging is carried out in a forge press 
5 at a high temperature on the order of approximately 
1700°F. 

Figure 1d shows the step of superplastically 
forming the core sheet 1 into its in-process shape. 
Deformation of the core sheet is also carried out in an 
10 SPF tool 15. A preliminary hot forming step can be 
used but is not required because the core sheet, be- 
ing much thinner than the face sheets, is easier to de- 
form. 

The next step is to machine shallow cavities into 

15 one surface of each of the face sheets. As seen in Fig- 
ure 1e, the face sheets 2,3 are successively placed 
in a nest fixture 20 which holds the sheets secure for 
machining. A mill 22 machines a series of elongated 
cavities 24 into the surface of the sheet. Narrow 

20 lands 26 are left between the cavities 24. 

Next, a stopof f material 28 such as yttrium oxide 
is applied to the cavities 24 of both face sheets 2,3. 
• No stopoff is applied to the lands 26 or any other part 
of the face sheets except for the cavities 24. The 

25 three sheets are arranged into the in-process assem- 
bly 29 as shown in Figure 1f. The core sheet 1 is sand- 
wiched between the two face sheets 2,3. The face 
sheets are situated so that the machined surfaces 
with the stopoff are facing the core sheet. The three 

30 sheets, having been previously shaped to their in- 
process shapes, fit snugly together in contacting re- 
lationship. As seen in Figure 1f, the top face sheet 2 
is convex and the bottom face sheet 3 is concave. An 
inflation gas manifold 30 having an externally-pro- 

35 truding inflation port 32 is disposed between the face 
sheets in order to provide a gas inlet to the cavities 
24. After all of these elements have been so ar- 
ranged, a seal weld 34 is applied around the periph- 
ery of the in-process assembly to seal the elements 

40 together. 

The diffusion bonding step is shown in Figure 1g. 
The in-process assembly 29 is placed in an autoclave 
36 or any other chamber capable of providing pres- 
sure and temperature conditions sufficient to cause 

45 diffusion bonding. The autoclave is sealed and heat- 
ed to a temperature in the range of approximately 
1 600-1 800°F, preferably 1750°F. At this temperature, 
a pressure of approximately 300 pounds per square 
inch gauge (psig) or at least in the range of 60-500 

so psig is externally applied to the assembly 29 in the 
autoclave for up to three and a half hours. Under 
these temperature-pressure-time conditions, each of 
face sheets 2,3 diffusion bond to the core sheet 1. 
The titanium sheets diffusion bond at the lands 26 

55 and all other locations where no stopoff is applied. 

After diffusion bonding is completed, the in-proc- 
ess assembly 29 is transferred to a hard die 38 for su- 
perplastic forming as shown in Figure 1h. The die 38 
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has a cavity 40 designed to match the desired final 
design shape of the hollow airfoil. Pressure is applied 
internally of the now sealed cavities 24 via the infla- 
tion port 32 and the inflation manifold 30. The in-proc- 
ess assembly 29 inflates to fill the die cavity 40 under 
the internal pressure, thereby superplastically de- 
forming to the desired final design shape (see Figure 
1 i). The inflation process is carried out at a tempera- 
ture in the range of approximately 1500-1700°F, pre- 
ferably 1650°F. The pressure is applied at a ramp rate 
of preferably 5 psig per minute or at least in the range 
of 1-20 psig per minute. The ramp rate must be such 
as to maintain the superplasticity of the parts. Typi- 
cally, a strain rate in the range of 10 3 to 1Q- 5 inches 
per inches per second is needed for Titanium-6Alumi- 
num-4Vanadium. The pressure is raised to a maxi- 
mum pressure in the range of 60-500 psig, preferably 
about 300 psig. The pressure is maintained for up to 
two and a half hours including the initial pressure 
build up. 

The temperature and pressure conditions descri- 
bed above can of course be varied as long as they are 
maintained within a suitable range, i.e., in which the 
values would be sufficient to induce diffusion bonding 
and superplastic forming. The time durations may 
also vary depending on the type of materials select- 
ed, thickness of the pieces, and the temperature and 
pressure conditions used. 

The inflation process is preferably conducted in 
such a manner so as to inflate the hollow blade in only 
one direction instead of two. This is accomplished by 
designing the shape of in- process assembly 29 so 
that the concave face sheet 3 aligns with the lower, 
concave surface 42 of the die cavity 40. Thus, the 
concave face sheet 3 rests directly on the lower sur- 
face 42 and only the convex face sheet 2 is able to de- 
form under pressure. This ensures that no grooving 
will occur along the concave surface of the airfoil. On 
the convex side, the convex face sheet 2 is inflated 
to fill the die and form a smooth surface. Figure 1i 
shows the inflated airfoil 29a after full deformation. 
The convex face sheet 2 is deformed to the desired 
shape. The core sheet 1, being bonded to the lands 
26 on the internal surfaces of the convex and con- 
cave face sheets 2,3, is deformed into a truss-like 
member which provides internal support to the hollow 
airfoil. 

Figure 1j shows the final step in which excess 
material is machined off of the inflated airfoil to ach- 
ieve the final, desired shape. The inflated airfoil 29a 
is secured in a nest fixture 44 and the mill 22 is used 
to trim off the extra material. The dotted lines in Figure 
1j indicate the final shape of the finished airfoil. 

Figures 2a and 2b show a variation to the method 
of Figures 1a-1j. In this variation, the diffusion bond- 
ing and superplastic forming steps can be carried out 
in a single tool. A hard die 50 is provided having a cav- 
ity 52 designed to match the desired final design 



shape of the hollow airfoil. A plurality of passages 54 
are provided in the hard die 50 in order to permit the 
die cavity 52 to be submitted to pressure and to be 
vented. As seen in Figure 2a, the in-process assem- 

5 bly 29 is situated in the hard die 50. A vacuum is ap- 
plied to the inflation port 32. A source of gas pressure 
is applied to the passages 54 causing the in-process 
assembly 29 to be externally pressured. As in the first 
embodiment described above, a pressure in the 

10 range of 60-500 psig at a temperature in the range of 
approximately 1 600-1 800°F is externally applied to 
the assembly 29 for up to three and a half hours to 
complete diffusion bonding. In Figure 2b, the source 
of gas pressure is removed from the passages 54 and 

15 the passages are vented to the atmosphere. A source 
of pressure is now applied to the inflation port 32 in 
order to internally pressurize the cavities 24 of the in- 
process assembly 29. As before, the inflation process 
is carried out at a temperature in the range of 1500- 

20 1 700 P F with a maximum pressure in the range of 60- 
500 psig for up to two and a half hours (including an 
initial pressure ramp rate of approximately 1-20 psig 
per minute). 

To arrive at the designed dimensions of the final 

25 airfoil by superplastic forming, the initial shape and 
size of the in-process assembly must be determined. 
As discussed above, the concave face sheet 3 is not 
inflated so its in-process shape is simply determined 
by its desired final shape and thickness. The initial 

30 shape of the core sheet 1 is determined by the shape 
of the face sheets, because the core sheet is snugly 
sandwiched between the face sheets. The initial 
thickness of the core sheet 1 is a function of the de- 
gree of support the core sheet will provide to the f in- 

35 ished hollow airfoil. 

The in-process shape necessary for the convex 
face sheet 2 to be inflated to its desired shape and 
thickness is determined mathematically. Figures 3a 
and 3b show the in-process assembly 29 and the in- 

40 flated airfoil 29a, respectively. Both configurations 
are shown in cross section along the chord direction 
X. In the sense used here, "chord" refers to the 
straight line joining the leading and trailing edges of 
an airfoil. Thus, the "chord direction X" is the direction 

45 along a straight line joining the leading and trailing 
edges of the airfoil assembly. When the convex sheet 
2 is superplastically deformed from the in-process 
shape to the desired design shape, it expands upward 
from the position shown in Figure 3a to the position 

so shown in Figure 3b, thereby defining a gap which is 
shown in dotted line in Figure 3a. Each point on the 
top surface of the sheet will move a particular dis- 
tance, called the gap distance, across the gap. This 
gap distance distribution along the chord direction X 

55 is denoted by the reference character g(x). The dis- 
tance along the upper surface of the convex sheet 2 
from the leading edge to the trailing edge, hereinafter 
referred to as "arc length," also changes during defor- 
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mation. Specifically, the arc length increases as the 
convex sheet expands during inflation. 

The superplastic forming of the airfoil will pro- 
duce an overall increase in surface area of the convex 
sheet 2. In addition, this deformation of the sheet re- 
suits in a change in its thickness distribution. As seen 
in Figure 3a, the thickness distribution along the 
chord direction X of the convex sheet 2 prior to defor- 
mation is denoted by the reference character t(x). The 
thickness distribution of the convex sheet 2 after de- 
formation is denoted by the reference character t^x). 
For the purpose of this calculation, the thickness of 
the convex sheet 2 is assumed to be a constant thick- 
ness. Thus, the small lands 26 which result when the 
shallow cavities 24 are machined into the surface of 
the convex sheet are not considered to be part of the 
thickness. 

The thickness distribution after deformation, t^x), 
is a design consideration which can be determined 
depending on the operating conditions the airfoil will 
be exposed to. The in-process thickness distribution, 
t(x), is dependent on the final thickness distribution, 
tf(x), and can be determined by the following equa- 
tion: 



t(x) = t f (x) 



1+ h- 1 

I g(s)ds 



g(x) 



where t^x) is the known thickness distribution along 
the chord direction X of the convex sheet 2 after de- 
formation (i.e., the desired thickness), g(x) is the gap 
distance a particular point along the chord direction X 
on the outer surface of the convex sheet will move 
during deformation, If is the arc length of the convex 
sheet after deformation, I is the arc length of the con- 
vex sheet before deformation, and the denominator is 
the area of the gap defined between the top surface 
of the convex sheet before and after deformation 
(shown by dotted line in Figure 3a). The gap distance, 
g(x), is not a pure independent variable but is related 
to the initial thickness distribution, t(x). Thus, the 
above equation must be solved by iterative methods. 

The foregoing has described a method of manu- 
facturing a three-piece hollow airfoil using diffusion 
bonding and superplastic forming techniques which 
overcomes the problems of deformation-induced in- 
stabilities and defining the in-process shape. 

While specific embodiments of the present inven- 
tion have been described, it will be apparent to those 
skilled in the art that various modifications thereto 
can be made without departing from the scope of the 
invention as defined in the appended claims. 
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Claims 

1. A method of making hollow airfoils from three 
pieces comprising the steps of: 

providing each of the three pieces with an 
initial camber and twist; 

joining the three pieces together into an 
assembly with one piece disposed between the 
other two pieces; and 

applying pressure between said one piece 
and each of said other two pieces so that said as- 
sembly superplastically deforms into a hollow air- 
foil. 

2. The method of claim 1 wherein the step of joining 
the three pieces together comprises forming a 
plurality of cavities in said other two pieces, ap- 
plying stopoff to each of said cavities, sealing the 
pieces together around their peripheries, and ap- 
plying a sufficient external pressure to said as- 
sembly so that the portions of the pieces lacking 
stopoff diffusion bond together. 

3. The method of claim 2 wherein the step of apply- 
ing a sufficient external pressure to said assem- 
bly comprises applying pressure in the range of 
60-500 psig at a temperature in the range of 
1600-1800°F for up to three and a half hours. 

4. The method of claim 2 wherein the step of apply- 
ing pressure between said one piece and each of 
said other two pieces comprises applying pres- 
sure to the cavities at a ramp rate of approximate- 
ly 1-20 psig per minute to a maximum pressure in 
the range of 60-500 psig at a temperature in the 
range of 1500-1700°F for a total of up to two and 
a half hours. 

5. The method of claim 1 wherein the step of apply- 
ing pressure between said one piece and each of 
said other two pieces is carried out so that only 
a first one of said other two pieces superplastical- 
ly deforms. 

6. The method of claim 5 wherein the in-process 
thickness distribution, t(x), along the chord direc- 
tion X of said first piece is determined by the 
equation: 



t(x) = t f (x) 



n- 1 g(x) 



J o g(s)ds 



where tf<x) is the known thickness distrib- 
ution along the chord direction X of said first 
piece after deformation, g(x) is the gap distance 
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a particular point along the chord direction X on 
the outer surface of said first piece will move dur- 
ing deformation, l f is the arc length of said first 
piece after deformation, I is the arc length of said 
first piece before deformation, and the denomi- 
nator is the area of the gap defined by the top 
surface of said first piece before and after defor- 
mation. 

7. A method of making hollow airfoils having a de- 
sired shape comprising the steps of: 

forming two face sheets into respective 
predetermined in-process shapes; 

forming a core sheet into a predetermined 
in-process shape; 

machining a plurality of cavities in each of 
said two face sheets; 

applying stopoff to each of said cavities; 

arranging all of said sheets to form an in- 
process assembly with said core sheet being dis- 
posed between said two face sheets; 

applying pressure to the outer surfaces of 
said in-process assembly so that the portions of 
said face sheets that lack stopoff diffusion bond 
to said core sheet; and 

applying pressure in said cavities so that 
said in-process assembly superptastically de- 
forms to the desired shape. 

8. The method of claim 7 further comprising the 
step of machining off excess material after said 
in-process assembly is superplastically de- 
formed. 



ing pressure to the outer surfaces of said in-proc- 
ess assembly comprises placing said in-process 
assembly into an autoclave and applying a pres- 
sure in the range of approximately 60-500 psig for 
up to three and a half hours. 

11 The method of claim 10 wherein the step of ap- 
plying pressure to the outer surfaces of said in- 
process assembly is carried out at a temperature 
in the range of 1600-1 800°F. 

12. The method of claim 7 wherein the step of apply- 
ing pressure in said cavities comprises placing 
said in-process assembly in a die and applying 
pressure to the cavities at a ramp rate of approx- 
imately 1-20 psig per minute to a maximum in the 
range of 60-500 psig for a total of up to two and 
a hatf hours. 



13. The method of claim 12 wherein the step of ap- 
plying pressure in said cavities is carried out at a 
temperature in the range of 1500-1700°F. 

5 14. The method of claim 7 wherein the step of apply- 
ing pressure to the outer surfaces of said in-proc- 
ess assembly comprises placing said in-process 
assembly into a die having a die cavity and pas- 
sage means for permitting fluid communication 

10 between said die cavity and the atmosphere and 

applying a pressure in the range of 60-500 psig 
in said die cavity for up to three and a half hours 
via said passage means. 

15 15. The method of claim 14 wherein the step of ap- 
plying pressure to the outer surfaces of said in- 
process assembly is carried out at a temperature 
in the range of 1 600-1 800°F. 

20 16. The method of claim 14 wherein the step of ap- 
plying pressure in said cavities comprises leaving 
said in-process assembly in said die, venting 
said die cavity to the atmosphere via said pas- 
sage means, and applying pressure to the cavi- 
25 ties at a ramp rate of approximately 1 -20 psig per 
minute to a maximum in the range of 60-500 psig 
for a total of up to two and a half hours. 

17. The method of claim 16 wherein the step of ap- 
30 plying pressure in said cavities is carried out at a 

temperature in the range of 1 500-1 700°F. 

18. The method of claim 7 wherein the step of form- 
ing said two face sheets into predetermined in- 
process shapes comprises first hot forming said 
sheets in a hot form press and then superplastic 
forming said sheets with a superplastic forming 
tool, and the step of forming said core sheet into 
a predetermined in-process shape comprises hot 
forming said core sheet in a hot form press. 

19. The method of claim 18 further comprising using 
titanium sheets for said two face sheets and said 
core sheet 

45 

20. The method of claim 7 wherein the step of form- 
ing said two face sheets into predetermined in- 
process shapes comprises near-net-shape forg- 
ing said face sheets in a forge press. 

50 

21. The method of claim 7 wherein the step of apply- 
ing pressure in said cavities is carried out so that 
only a first one of said two face sheets super- 
plastically deforms. 

55 

22. The method of claim 21 wherein the in-process 
thickness distribution, t(x), along the chord direc- 
tion X of said first face sheet is determined by the 



20 



25 



9. The method of claim 7 wherein the step of ar- 35 
ranging said sheets to form an in-process assem- 
bly further comprises sealing said sheets togeth- 
er by welding around their peripheries. 

10. The method of claim 7 wherein the step of apply- 40 
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equation: 



/ 



\ 



t(x) 



t f (x) i+ J 1 " 1 g(x) 

{ J o g<s)ds 



5 



where tf(x) is the known thickness distribution 
along the chord direction X of said first face sheet 10 
after deformation, g(x) is the gap distance a par- 
ticular point along the chord direction X on the 
outer surface of said first face sheet will move 
during deformation, I, is the arc length of said first 
face sheet after deformation, I is the arc length 15 
of said first face sheet before deformation, and 
the denominator is the area of the gap defined by 
the top surface of said first face sheet before and 
after deformation. 
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FIG. 1b 
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FIG. 1d 
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FIG. 1e 
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FIG. 1j 
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